Niemann-Pick type C (NPC) disease is primarily caused by mutations in the NPC1 gene and is characterized by the accumulation of unesterified cholesterol and lipids in the late endosomal (LE) and lysosomal (Ly) compartments. The most prevalent disease-linked mutation is the I1061T variant of NPC1, which exhibits defective folding and trafficking from the endoplasmic reticulum to the LE/Ly compartments. We now show that the FDA-approved histone deacetylase inhibitor (HDACi) valproic acid (VPA) corrects the folding and trafficking defect associated with I1061T-NPC1 leading to restoration of cholesterol homeostasis, an effect that is largely driven by a reduction in HDAC7 expression. The VPA-mediated trafficking correction is in part associated with an increase in the acetylation of lysine residues in the cysteine-rich domain of NPC1. The HDACi-mediated correction is synergistically improved by combining it with the FDA-approved anti-malarial, chloroquine, a known lysosomotropic compound, which improved the stability of the LE/Ly-localized fraction of the I1061T variant. We posit that combining the activity of VPA, to modulate epigentically the cellular acetylome, with chloroquine, to alter the lysosomal environment to favor stability of the trafficked I1061T variant protein, can have a significant therapeutic benefit in patients carrying at least one copy of the I1061T variant of NPC1, the most common disease-associated mutation leading to NPC disease. Given its ability to cross the blood brain barrier, we posit VPA provides a potential mechanism to improve the response to 2hydroxypropyl--cyclodextrin, by restoring functional NPC1 to cholesterol managing compartment as an adjunct therapy. the LE/Ly compartments (9-12) where it works in tandem with NPC2 to ensure cholesterol distribution between all cellular and subcellular membranes (13) (14) (15) . Like most rare diseases, genetic variation in the clinic contributes differentially to disease onset and progression (1, 16) . We have shown that variants triggering NPC1 disease are differentially responsive to both proteostasis regulators (17) and the HDAC inhibitor, SAHA (18), suggesting a potential route to manipulate the variant challenged NPC1 misfolding by stabilizing its fold.
Introduction
Understanding the impact of genetic diversity and its therapeutic management in the clinic is the forefront of precision medicine (1) . Niemann-Pick type C disease (NPC) is an autosomal recessive, neurodegenerative disorder that arises in response to mutations in the NPC1 and NPC2 genes with the former accounting for 95% of cases affecting cholesterol homeostasis (CH) in the late endosome (LE) and lysosome (Ly) compartments (LE/Ly)(2-5). NPC1 is a multi-membrane spanning 1278 amino acid protein with functional domains largely oriented towards the lumen of the Ly (Fig. 1A)(6-8) . NPC1 is synthesized in the endoplasmic reticulum (ER) and transported to There are currently 4 HDACi's approved by the FDA for clinical use. These include high affinity HDACis such as Panobinostat (LBH589) for the treatment of both cutaneous T-cell lymphoma (CTCL) and multiple myeloma, Belinostat (PXD101) for the treatment of Peripheral T-Cell lymphoma (PTCL) and Vorinostat (SAHA) and Romidepsin (FK228) for the treatment of CTCL (58) . We have recently shown that cholesterol homeostasis in cells expressing different NPC1 variants are differentially impacted by SAHA and Panobinostat (18) . These results support previous observations that the most common NPC1 variant, I1061T, is sensitive to high affinity HDACi in yeast, fibroblasts and mice (59) (60) (61) , although recent results challenge this observation in the context of HPCD treatment in a I1061T mouse model (62) . HDACis have also been shown to provide substantial benefit in models of type II diabetes (46, 63, 64) , cancer (65) (66) (67) , rheumatoid arthritis (68) , chronic lung diseases, including alpha-1-antitrypsin deficiency (AATD) (69) (70) (71) (72) , chronic obstructive pulmonary disease (COPD) (72) (73) (74) , asthma associated airway inflammation (75) (76) (77) (78) (79) and cystic fibrosis (CF) (80) (81) (82) .
In addition to these high affinity HDACis, the short-chained fatty acid, valproic acid (VPA) (Figure 1B) , is a low affinity broad spectrum HDACi (class I, II & IV), which readily crosses the blood-brain-barrier (BBB). VPA has been used clinically for decades as an anticonvulsant and mood-stabilizing drug in patients suffering from epilepsy and bipolar disorder (83) (84) (85) . Unlike high affinity HDACi, VPA readily crosses the BBB and exhibits a half-life of 9-18 h (86) with an improved pharmacokinetic profile compared to other HDACi. We reasoned that the characteristics that make it an effective anticonvulsant could be beneficial in the treatment of chronic neurological disorders such as NPC1, particularly given recent clinical studies of HPCD treated patients that showed slowing of neuropsychological outcomes over a 36 month time-frame (87) . While VPA is prescribed to control neurological symptoms in advanced NPC1 disease, no information is available as to its impact on the basic defect associated with the onset of NPC1 disease, namely the trafficking and functional defects associated with NPC1 variants. Given the recent failure of the VTS-270 trial (https://clinicaltrials.gov/ct2/show/NCT03879655), an incentive now exists to identify new therapeutics that can work in combination with HPCD to improve the impact of its bulk cholesterol extraction in humans, a non-specific event which we anticipate will require improvement of NPC1 variant folding, stabilization and transport to the LE/Ly compartment to more effectively restore cholesterol homeostasis and reduce neuropsychological symptoms in the HPCD moderated environment. Thus, the opportunity presented by the FDA approved, BBB penetrant VPA, which is administered orally (88) , could provide significant benefit to existing and future patients.
In the present study, we examined the impact of VPA on NPC1-I1061T trafficking and how it affects cholesterol homeostasis. Herein, we show that VPA not only corrects the trafficking defect associated with the I1061T variant but also induced a significant reduction in LE/Ly localized CH. We also observed that combining VPA with the FDA-approved anti-malarial, chloroquine (CQ) (89) , a lysosomotropic compound (90) , causes a synergistic correction of the trafficking and functional defects associated with I1061T-NPC1. Our current study provides mechanistic insights and highlights the potential importance of BBB penetrant HDACis in managing proteostasis-based post-translational modifications that are responsible for promoting the trafficking of NPC1 to LE/Ly.
We posit that a combination of VPA-mediated correction of NPC1 trafficking and CQmediated alteration of lysosomal pH, that affects rescued NPC1 variant function, may provide a more favorable LE/Ly environment that could have clinical value in improving HPCD based therapies. Because HPCD based therapies only impact the toxic build-up of cholesterol in cells, they fail to address the fundamental problem in disease which will require restoration of a functional NPC1 fold in the context of the genetic diversity found in the patient population (17, 18) . We posit that in response to the reduced cholesterol load generated by HPCD, pharmaceuticals that boost NPC1 variant function will be necessary to restore cholesterol recycling and downstream neuropsychological activity impacting patients.
Results

Valproic acid reduces cholesterol accumulation in I1061T-NPC1 expressing fibroblasts
Early experiments provided evidence that the HDACi, SAHA, can improve cholesterol clearance in primary fibroblasts homozygous for the I1061T variant (91) . We have recently extended these observations and shown that the FDA-approved SAHA and LBH589 can provide functional cholesterol correction to over 68 NPC1 variants (18) . While these results suggest that HDACis can restore CH homeostasis in patient-derived fibroblasts and heterologous models (59) (60) (61) , our screen did not include the BBB penetrant HDACi, valproic acid (VPA) (Fig 1B) . We first analyzed the effect of VPA on CH homeostasis in patient-derived NPC1 fibroblasts homozygous for the I1061T variant (GM18453) and a compound heterozygote (P237S/I1061T) (GM3123). The level of free, unesterified CH was quantified using the CH binding dye filipin combined with an automated microscopy analysis, as previously described (92) ( Fig. 1C & D) . Patient fibroblasts that are homozygous or heterozygous for the disease-associated I1061T variant exhibit CH accumulation relative to that seen in fibroblasts derived from WT-NPC1 expressing individuals (GM05659) ( Fig. 1C & D) , consistent with the reported NPC1 patient phenotype. Treatment of patient-derived fibroblasts with 4 mM VPA for 48 h led to a global reduction in the LE/Ly CH pool, consistent with the reported beneficial effect of other HDACis on CH homeostasis in cells expressing multiple NPC1 disease variants (18, 59, 60) .
VPA corrects the trafficking of I1061T-NPC1 in patient-derived fibroblasts
Human NPC1 is primarily localized to the limiting membrane of the LE/Ly compartments (Fig. 1A) . The I1061T mutation in NPC1 results in defective folding and ER retention leading to ER-associated degradation (ERAD) through conventional and MARCH6-dependent (33,93) and ER-phagy pathways (93) , generating a loss-of-function phenotype, and providing an explanation for the observed loss of cholesterol processing in the LE/Ly compartment. We observed that treating cells with increasing doses of VPA led to a dose-dependent increase in I1061T-NPC1 mRNA, reaching statistical significance at a dose of 4mM ( Fig. 2A) . Despite a nearly 4-fold increase in mRNA ( Fig. 2A) , we only observed a modest 2-fold increase in NPC1 protein at 4 mM VPA ( Fig. 2B & C) likely reflecting its instability in the ER (33).
To assess if the increased expression correlated with increased trafficking of the I1061T ER-restricted variant, we monitored the trafficking of NPC1 following the treatment of the I1061T variant GM18453 fibroblasts with a dose of 4mM VPA for 48h ( Fig. 2D & 2E) . Human NPC1 contains 14 N-linked glycans that are added co-translationally during translocation into the ER (94) . The trafficking of NPC1 from the ER to the LE/Ly compartment can be monitored by Western blot analysis (Figure 2D) where the post-ER fraction of NPC1 acquires resistance (R) to endoglycosidase H (Endo H) due to N-glycan modifications in the Golgi leading to slower migration on SDS-PAGE. At steady state, nearly 80% of the wild-type (WT) NPC1 exhibits EndoH R (Fig. 2D & 2E , WT + DMSO), whereas less then 10% of the I1061T variant exhibits EndoH R ( Fig. 2D & 2E , I1061T + DMSO). The treatment of GM18453 fibroblasts with 4mM VPA resulted in a 2-fold increase in the EndoH R fraction of I1061T-NPC1 ( Fig. 2D & 2E) . Although VPA did provide a statistically significant correction of the trafficking defect associated with the I1061T variant, the amount of NPC1 reaching the LE/Ly compartment was disproportionate to the observed effect on CH clearance, where we observed a > 60% reduction (Fig. 1C) suggesting that a modest effect on I1061T trafficking can have a major effect on restoration of cholesterol homeostasis or that the LE/Ly-localized fraction of I1061T-NPC1 is destabilized upon reaching the LE/Ly compartment.
HDACi have been shown to induce a hyper-acidification of the lysosome compartment (95, 96) , which is likely to alter lysosomal function. One possibility to account for the discrepancy between the level of I1061T-NPC1 trafficking and LE/Ly CH reduction may arise because of a destabilization of VPA-corrected NPC1-I1061T variant protein in the lysosomes. To test this hypothesis, we co-treated I1061T-expressing GM18453 fibroblasts with 4mM VPA in the presence of CQ, a compound known to partially neutralize lysosomal acidification (97) . While CQ treatment alone had no effect on the trafficking of NPC1 ( Fig. 2D & 2E) , the combined VPA + CQ treatment provided a synergistic 4-fold increase in I1061T-associated EndoH R (Fig. 2D & 2E) relative to that seen with either treatment alone.
CQ neutralizes the HDACi-mediated acidification of lysosomes in human fibroblasts
It has previously been demonstrated that NPC1 exhibits a transmembrane cation efflux pump activity capable of removing acriflavine, a cationic dye, from the lysosomal compartment contributing to lysosomal acidification (98) . Thus, the absence of LE/Ly-localized NPC1 in GM18453 fibroblasts could contribute to the alkalization of the organelle. Because CQ can synergistically improve the VPA-corrected post-ER fraction of I1061T-NPC1 in patient derived fibroblasts, we hypothesized that the effect of CQ is to neutralize the joint VPA and I1061Tmediated hyper-acidification of the lysosomal compartment and therefore lead to improved stability of I1061T-NPC1.
To test this hypothesis, we monitored the acidification of lysosomes in both WT and I1061T patient-derived fibroblasts in response to 4mM VPA ( Fig. 3) . Lysosomal pH can be monitored in vivo using acridine orange, a metachromatic, weak base dye that stains lysosomes and nucleic acids (99) . In the acidic conditions typically observed in the lysosome, the acridine dye becomes protonated and accumulates within the organelle where it forms a precipitate that emits a red-shifted fluorescence. In WT fibroblasts (GM05659), we observed this red-shifted fluorescence indicative of the acidic pH of the lysosome (Fig. 3A, panels a-c) . Conversely, I1061T-expressing fibroblast (GM18453) exhibit a green-shifted fluorescence (Fig. 3A, panels d-f ), indicative of alkalization of the lysosome. The treatment of the I1061T-expressing fibroblasts with VPA led to the re-acidification of the lysosome (Fig. 3B, panels d-f ), exemplified by an increase in red fluorescence, and a concomitant decrease in green fluorescence. The effect of VPA on the acidification of the lysosome in I1061T-expressing fibroblasts is in agreement with the effect of HDACi on lysosomal pH (95, 96) . We also observed that the treatment of both WT-(GM05659) and I1061T-expressing (GM18453) fibroblasts with CQ, lead to a green shift in the acridine orange fluorescence, indicative of alkalization of the lysosomal compartment ( Fig. 3C) , in agreement with the reported effect of this small molecule (97) .
When we monitored the impact of combining the treatments of VPA and CQ on the pH of the lysosomal compartment we observed a decrease in the alkalization of the lysosome relative to that seen in I1061T-expressing cells treated with CQ alone, indicating that the expected CQmediated alkaline pH shift was countered by the acidifying effect of VPA ( Fig. 3D, panels d-f ). These data confirm our hypothesis above, that while VPA promoted ER export of I1061T, its effect on lysosomal pH resulted in an unstable lysosomal pool of NPC1. CQ mitigated the VPA-mediated acidification of the lysosomal compartment resulting in the accumulation of a stable I1061Tassociated EndoH R fraction.
Combining VPA and CQ synergistically corrects the trafficking of I1061T-NPC1 in HeLa cells
To explore the combinatorial effect of VPA and CQ on NPC1 rescue, we established a HeLa cell culture model that replicates the NPC1 phenotype (Fig. S1) . Because NPC1 is ubiquitously expressed, we first generated NPC1 null HeLa cells using a lentiviral shRNA targeting the 3'-UTR of NPC1 ( Fig. S1A-C) . WT-and I1061T-HeLa cells were generated by transducing the NPC1 null HeLa cells with lentivirus delivering the appropriate NPC1 variant cDNA ( Fig.  S1C ). An analysis of the trafficking revealed a fractional distribution of EndoH R glycoforms that is consistent with that seen in patient derived fibroblasts for each of these NPC1 variants ( Fig. S1C  & S1D ). We also used immunofluorescence to confirm the subcellular localization of these NPC1 variants in HeLa-shNPC1 cells ( Fig. S2A-C) . Here we noted that WT-NPC1 had a punctate staining pattern that co-localizes extensively with the lysosomal marker LAMP1 (Fig. S2A , panels a-c) and exhibited little to no co-localization with the ER markers TMEM97 (100) (Fig. S2B , panels a-c) and KDEL (101) (Fig. S2C, panels a-c) . Conversely, I1061T-NPC1 exhibited a reticular staining pattern that did not co-localize with LAMP1 ( Fig. S2A , panels e-g) but rather exhibited significant overlap with TMEM97 ( Fig. S2B , panels d-f) and KDEL ( Fig. S2C , panels d-f). Additionally, we observed a diffuse filipin staining pattern in WT-NPC1 expressing HeLa-shNPC1 cells ( Fig. S2A, panel d) , whereas filipin positive perinuclear puncta where observed in I1061T-expressing cells ( Fig. S2A, panel h) . These data are consistent with the respective cholesterol homeostasis observed in WT-and I1061T-NPC1 expressing primary fibroblasts (Fig.  1C) .
With the establishment of WT-and I1061T-HeLa cells we determined if these cell lines recapitulated the VPA/CQ-mediated correction of the I1061T variant seen in patient derived fibroblasts ( Fig. 1 & 2) . The treatment of HeLa-I1061T cells with VPA resulted in the appearance of an EndoH R pool of NPC1-I1061T reaching 10% of total at a dose of 4mM VPA ( Fig. 4A & B) , a level of correction consistent with that seen in the I1061T homozygote patient-derived fibroblasts (GM05659) ( Fig. 2D & E) . We also observed a dose-dependent increase in the mRNA of I1061T-NPC1, which saturated between 2-6mM ( Fig. 4C) , similar to what we observed for the impact of VPA on GM05659 fibroblasts ( Fig. 2A) . To ascertain if the lysosomotropic CQ would synergize with VPA to further increase the trafficking of the stably expressed I1061T-NPC1 in HeLa-shNPC1 cells, we combined these compounds and found that while VPA increased the amount of EndoH R I1061T-NPC1 to 10% of total, the addition of CQ improved this correction to 50% of total ( Fig.  4D & E) , a result consistent with the synergistic correction of this disease variant in patient derived fibroblasts ( Fig. 2D & E) .
The misfolding and stability of I1061T-NPC1 arises due to the inability of the variant polypeptide chain to properly engage key component(s) of the prevailing proteostasis environment. The inability to achieve a WT-like fold results in a loss of protein stability leading to its degradation by conventional and MARCH6-dependent (33,93) ERAD and ER-phagy pathways (93) . Previous studies have shown that incubation of cells expressing meta-stable proteins, such as the F508del variant of CFTR (102-104) and NPC1 I1061T (33) at low temperature (27°-30°C) can improve protein folding and stability leading to a partial correction of the disease phenotype. The exposure of I1061T-HeLa cells to 30°C for 24 h led to a partial correction of the trafficking defect associated with this disease variant, with the EndoH R fraction reaching 25% of total ( Fig. 4D, E ). Combining the low temperature correction with VPA treatment did not provide significant improvement in the trafficking of I1061T relative to that seen at 30 o C alone ( Fig. 4D & E) . This observation suggests that the effect of VPA treatment on the I1061T-NPC1 protein is similar to the effect of low temperature, a condition that improves the folding and stability of the variant protein to achieve egress from the ER for CQ mediated stabilization in the LE/Ly compartment.
Recent data has highlighted the benefits of HPCD, a cholesterol binding compound that extracts recycling cholesterol from endomembrane systems at the cell surface. HPCD has been shown to reduce both unesterified cholesterol and glycolipids, thereby prolonging survival and delaying the onset of the neurodegenerative phenotype in preclinical mouse models (39, 41, 105) . Since, cyclodextrins have been shown to correct the lipid accumulation in NPC1 null mice, its action is independent of NPC1 as would be expected of a bulk phase lipid-binding compound. In order to ascertain the effect of cyclodextrin on the trafficking of I1061T-NPC1, we monitored the effect of different concentrations of methyl--cyclodextrin (MCD) alone and in combination with VPA on the extent of I1061T-EndoH R in I1061T-expressing HeLa-shNPC1 cells. MCD alone had no effect on the trafficking of I1061T-NPC1 ( Fig. 4F & 4G) , however, we did observe a slight improvement in the VPA-mediated correction of I1061T at lower doses of HPCD (0.1mM) ( Fig.  4F & 4G) . Interestingly increasing the concentration of MCD appeared to abrogate this effect, where at 0.3mM MCD we see a return to VPA-mediated trafficking alone and at 1mM MCD we see 50% decrease in the extent of EndoH R level seen with VPA alone (Fig. 4F & 4G) . These data suggest these compounds might be acting on competing pathways to exert their effect on cells, which, when pushed too hard, result in inhibitory effects on the trafficking of I1061T-NPC1 rather than a synergistic corrective effect. These results reflect the expected dynamic interplay between the composition of the lipid bilayer of endomembrane compartments that form a gradient of cholesterol with low cholesterol in the ER and high cholesterol (50%) in the plasma membrane influencing NPC1 trafficking and function in unknown ways.
Valpromide does not correct the trafficking of I1061T-NPC1
Valpromide (VPM) is a VPA analog in which the carboxyl group has been modified to an amide group ( Fig. S3A ) thereby removing its deacetylase inhibitory activity (106, 107) . Despite the loss of this enzymatic activity, VPM still maintains its anticonvulsant properties (108) . To assess the contribution of the deacetylase activity of VPA in the correction of the trafficking and functional defect of NPC1-I1061T, we tested the ability of VPM to mediate correction of the I1061T variant in HeLa-shNPC1 cells. VPM failed to increase NPC1 mRNA ( Fig. S3B) or increase EndoH R glycoform of the I1061T variant either alone or in combination with CQ ( Fig. S3C & S3D) , suggesting that the deacetylase activity of VPA is critical for its corrective properties. Interestingly, we observed a dose-dependent competitive inhibition by VPM on the VPA/CQ-mediated correction of I1061T-NPC1 ( Fig. S3E & S3F) . These data suggest that while VPM has lost its deacetylase activity, it maintains its capacity to bind to key regulatory components involved in the VPA-mediated correction of I1061T-NPC1, thereby inhibiting the corrector activity of VPA.
The combination of VPA and CQ stabilizes NPC1-I1061T
Given the improvement in trafficking seen with the treatment of VPA in the absence and presence of CQ, we performed a pulse chase analysis of WT-and I1061T-NPC1 to determine if any of these treatments increased the stability of the I1061T variant in the ER and post-ER compartments. Under control conditions ~20% of WT-NPC1 is degraded over the 12h chase period ( Fig. 5A) revealing that WT NPC1 is both stable and efficiently trafficked from the ER, an observation supported by the fact that at T=0 we detect an EndoH R fraction representing 35% of total which more than doubles at T=12h (Fig. 5A ). An analysis of the DMSO treated I1061T variant reveals a decrease in protein stability relative to that seen with WT-NPC1 and failure to accumulate the EndoH R glycoform (Fig. 5B) . We noted that CQ had no effect on the stability or maturation of I1061T-NPC1 in the ER (Fig. 5C) , consistent with our observations above that it did not correct the trafficking defect linked with the I1061T variant. While VPA did show an increased accumulation of the EndoH R glycoform at all time points ( Fig. 5D) , consistent with its ability to correct the I1061T-associated trafficking defect ( Fig. 2D, 4A & 4D) , it did not improve the stability of the EndoH S glycoform, showing an ~60% reduction in this ER fraction (Fig. 5D) , a level similar to that seen with DMSO treated I1061T-NPC1. Despite the inability of either VPA or CQ to independently provide a significant increase in the stability of I1061T-NPC1, the combination of these 2 small molecules caused a significant improvement in the stability of this disease-associated variant, resulting in a WT-like 20% reduction in total I1061T NPC1 relative to the level seen at T = 0 ( Fig. 5E) . Notably, the entirety of the remaining I1061T-NPC1 at T = 12h is recovered in the EndoH R glycoform (Fig. 5E) , indicating that the trafficking of the I1061T variant in the VPA+CQ modified environment is very efficient. Additionally, these data suggest that the EndoH S glycoform seen at steady state after the treatment with VPA and CQ represent either a de novo synthesized pool that has yet to traffic out of the ER, or an accumulation of a non-rescuable I1061T-NPC1 pool that was synthesized prior to the addition of the correctors.
VPA causes a hyperacetylation of I1061T-NPC1
While HDACi are able to post-translationally modify both histone and non-histone proteins to change the composition and/or functionality of the proteostasis environment, it is also possible that part of the VPA-mediated correction of the I1061T trafficking defect is associated with a direct hyperacetylation of NPC1. To address this possibility, we immunoprecipitated all acetylated proteins with an acetylated-lysine (AcK) antibody and monitored the extent of NPC1 recovered following treatment with VPA or vehicle ( Fig. 6A) . We observed that I1061T-NPC1 is only weakly acetylated under control conditions ( Fig. 6A) , as only a slight increase in NPC1 was observed relative to the background signal seen in shNPC1-HeLa cells. Conversely, the addition of VPA to these I1061T-HeLa cells resulted in an increase in NPC1 acetylation ( Fig. 6A) .
While the acetylation of lysine residues can alter the interaction of a given protein with its normal cohort of interacting proteins (109, 110) , it can also block the post-translational ubiquitination of these lysine residues and thereby prevent their degradation. To address if the VPA-mediated hyperacetylation of NPC1 altered its ubiquitination, we immunoprecipitated ubiquitinated (Ub) proteins and monitored the recovery of I1061T-NPC1. Here we observed a decrease in the amount of Ub-NPC1 in lysates from VPA-treated I1061T-HeLa cells (Fig. 6B) , indicating that part of the corrective properties of VPA are associated with the alteration in the posttranslational modifications of NPC1, which promotes increased association with trafficking components and decreased association with degradative components.
To address the location of these post-translational acetylation sites, we used the Prediction of Acetylation on Internal Lysine (PAIL) algorithm to predict which residues might be targeted by acetyl transferases. The algorithm predicted 16 lysine residues would be possible acetylation targets in NPC1 ( Fig. 6C & D) . In order to assess the contribution of these lysines residues to the trafficking of NPC1, we proceeded to mutagenize these sites to alanines in WT-NPC1 and assess the trafficking ability of these variants. While we observed that most K/A mutations had no impact on the trafficking of WT-NPC1 ( Fig. 6E & 6F) , we observed that 4 lysines mutants, namely K877A, K1013A, K1057A and K1217A exhibited a complete inability to traffic out of the ER (Fig.  6E & 6F) , as exemplified by their lack of EndoH R . All 4 of these lysine residues are localized on NPC1 domains that face the luminal side of cellular organelles. Interestingly, 3 of the 4 are localized in the cysteine-rich domain (CRD) of NPC1 ( Fig. 6D) , which is the site of the most prevalent disease-causing mutations, I1061T. These data suggest that the I1061T mutations might alter the folding of NPC1 allowing for access of these lysine residues to a as yet to be characterized luminal deacetylase, which is sensitive to VPA, that contributes to the trafficking defect seen with this disease-associated variant-an effect that is inhibited by VPA.
Knockdown of HDAC7 partially restores the trafficking of NPC1-I1061T mutant in HeLa-shNPC1 cells
There have been 18 HDACs identified in the human genome belonging to two distinct families with different catalytic mechanisms, namely the Zn 2+ -dependent histone deacetylases (HDAC1-11), which are sensitive to VPA, and NAD + -dependent sirtuins (SIRT1-7) (111) . HDACs play regulatory roles in many biological processes, and recently emerged as promising therapeutic targets to correct the defects associated with several protein misfolding diseases (112) . We have previously shown that the HDACi-mediated correction of the trafficking defect associated with the F508del variant of CFTR and the Z-variant (E342L) of alpha-1 antitrypsin (AAT), which is the primary disease-linked variant leading to AAT deficiency, occurs through the SAHA-mediated silencing of HDAC7 (71, 81) .
In order to determine if a similar mechanism of action is occurring for the VPA-mediated correction of I1061T-NPC1, we assessed the impact of this HDACi on the expression of HDAC7 in HeLa-shNPC1 cells stably expressing the I1061T variant. Here, we observed a dose dependent reduction in HDAC7 protein levels in response to increasing doses of VPA, with a complete loss observed at 4 mM ( Fig. 7A & B) , a dose which provides the maximal correction of the trafficking and functional defects associated with I1061T-NPC1 in HeLa and primary fibroblasts. To determine if the VPA-mediated silencing of HDAC7 is responsible for the observed correction of the I1061T variant, we used siRNA to assess the impact of silencing all class I, II and IV HDACs (HDAC 1-11) on the trafficking of I1061T-NPC1 in HeLa-shNPC1 cells. In agreement with our previous observations, we observed that the silencing of HDAC7 did significantly improve the trafficking of I1061T-NPC1, reaching a level of EndoH R approaching 50% of total NPC1 (Fig. 7C  & 7D) , an effect that was further improved by the addition of CQ ( Fig. 7C & D) . We also observed that the silencing of HDAC5 and HDAC8 also provided a significant improvement of the trafficking of the I1061T variant ( Fig. 7C & 7D) , but only the siHDAC5-mediated correction was responsive to CQ ( Fig. 7C & 7D) . Despite the latter observations, the silencing of HDAC7 does appear to provide the most robust correction of the trafficking defect of I1061T-NPC1.
To confirm the that the silencing of HDAC7 corrects the trafficking defect of I1061T-NPC1, we performed immunofluorescence analysis of I1061T-NPC1 in HeLa-shNPC1 cells treated with siHDAC7. Relative to that seen in cells treated with a control siRNA (siScr) ( Fig. 8A  -panels a-c) , we observed a significant increase in the co-localization of I1061T-NPC1 with the lysosomal marker, LAMP1 ( Fig. 8A -panels e-g) . The silencing of HDAC7 in I1061T-expressing HeLa-shNPC1 cells also provided a significant abrogation of the LE/Ly CH accumulation ( Fig. 8A  -panel h) compared to that seen in siScr treated cells ( Fig. 8A -panel d) . Additionally, we observed that the silencing of HDAC7 caused a >4-fold increase in the expression level of I1061T-NPC1 ( Fig. 8B & C) , suggesting that the absence of this class II HDAC improves the expression of NPC1, promotes its stability, inhibits its degradation or a combination of these effects, resulting in an improved LE/Ly localization of a functional pool of I1061T-NPC1. An examination of the impact of combining siHDAC7, with either VPA or CQ revealed that both compounds further improved the trafficking of the I1061T variant relative to that seen with siHDAC7 treatment alone ( Fig. 8D & E) . These results suggest that the VPA-mediated silencing of HDAC7 is a significant contributing factor in the mechanism of action for the VPA-mediated correction of the I1061T-NPC1 at the biochemical and molecular level.
Discussion
The HDACi VPA is widely used in the treatment of many neurological conditions including epilepsy and bipolar disorder due to its ability to cross the BBB and its minimal toxicity during chronic administration in mouse models and in humans (113, 114) . VPA has also exhibited therapeutic potential in mouse models of Alzheimer's disease (AD) (115) and amyotrophic lateral sclerosis (ALS) (116) , suggesting that it is capable of modulating the folding and/or aggregation of disease-associated variant proteins. This hypothesis is supported by our recent observations that HDACis are able to correct the trafficking and functional defects associated with disease-causing variants of CFTR and AAT (18, 71, 81, (117) (118) (119) .
Herein, we observed that VPA improves the trafficking and function of I1061T-NPC1, the most common NPC-associated variant, leading to restoration of cholesterol homeostasis in patient derived fibroblasts. This corrective property is dependent on the HDAC inhibitory activity of VPA, since its carboxamide derivative, valpromide, which lacks HDACi activity, is unable to correct the trafficking of I1061T-NPC1. While we did observe a VPA-mediated correction of the trafficking defect associated with the I1061T variant, it failed to exhibit increased stability in the LE/Ly compartment, thereby impacting its functional benefits. HDACis have been shown to alter the intracellular pH in the lysosome (96) , thereby affecting compartment specific events which are likely to alter the stability and function of lysosomal proteins, such as NPC1. This effect can be overcome by a combinatorial treatment with another FDA-approved compound, chloroquine, which has been used as an anti-malarial agent for many years. CQ is a well-established lysosomotropic compound, which, in its free base form, can easily traverse the lipid bilayer of the lysosome and become ionized in its lumen, thereby reducing its permeability (120) . The accumulation of CQ in the lumen of the lysosome serves as a sink for free protons culminating in an increase in the lysosomal pH (121) , an effect which works to normalize the hyperacidification of the lysosome in response to HDACi treatment.
It is now accepted that HDACis alter the acetylation equilibrium of both histone (122) and non-histone proteins (45, 123) , which include numerous proteostasis components regulating the heat shock response (HSR) and unfolded protein response (UPR) programs (57, 124) , which are responsible for the recovery from protein folding stress such as the maladaptive stress response (MSR) caused by the chronic expression of misfolded variants of CFTR, AAT and NPC1 (119) . Transcriptionally, acetylation of histones alters their ability to interact with DNA leading to altered expression profiles of many genes. HDACis promote the hyperacetylation of histones, thereby opening the chromatin structure leading to a global upregulation of gene expression as transcription factors have less restricted access to promoters. However, HDACis also regulate the acetylation of non-histone proteins (111) , which can impede the ubiquitination of lysine residues, thereby altering protein stability, and modulating the activity of protein products by altering their ability to interact with substrates and regulatory proteins (125) . Specifically, VPA has been shown to increase the activity of GRP78/Bip and Hsp70, cellular chaperones engaged in the folding and trafficking of de novo synthesized proteins (126, 127) , thereby providing protection from ER misfolding stress, which has been shown to occur in response to the chronic expression of I1061T-NPC1 (119) .
While VPA can modulate the expression of numerous proteostasis components to promote the folding and trafficking of a functional I1061T-NPC1 polypeptide, we now show that it can promote the hyperacetylation of NPC1 itself. In order to understand the impact of NPC1 acetylation, we used the PAIL algorithm to identify likely sites of lysine acetylation in the NPC1 polypeptide. While we identified 16 lysine residues with high acetylation scores, we observed that only the loss of 4 of these lysine residues, K877, K1013, K1057 and K1217, impeded the ER export of WT-NPC1. Interestingly, 3 of these lysine residues are located in the CRD of NPC1, which is also the location of the I1061T mutation. These data suggest that the I1061T variant alters the folding of NPC1 in a way that limits the acetylation of the folded protein at one or multiple of these lysine residues, thereby contributing to the ER retention of the polypeptide. VPA, is able to restore the hyperacetylation of NPC1, thereby likely working in concert with the altered proteostasis environment to promote the trafficking of this disease-associated variant. While more work is required to fully elucidate the cohort of proteostasis changes associated with VPA treatment and to characterize their functional role in the biogenesis of NPC1, these data do suggest that VPA is able to provide a proteostasis environment amenable to the trafficking of a functional I1061T-NPC1 protein to the LE/Ly compartment.
While HDACis have been shown to have positive effects on the folding, trafficking and function of NPC1 (18, 60, 128) , they have also been linked to restoring WT-like expression profiles for lipid biosynthetic components, including enzymes involved in cholesterol biosynthesis (129) (130) (131) , which are dysregulated in NPC1 disease (132) . Most notably, SAHA has been shown to normalize the NPC-associated elevation in gene expression related to cholesterol biosynthesis, including the sterol regulatory element binding factor 2 (SREB2), a transcription factor that regulates cholesterol biosynthesis components, as well as the expression of Hmgcs1, Hmgcr, Mvk, Mvd, Idi1, Lss and Cyp51 (130) . These data suggest that the therapeutic benefit of HDACis could be multifaceted, restoring balance to the dynamics of specialized compartments defining all steps of the endomembrane trafficking system. They are able to not only correct the trafficking defect associated with NPC1-linked variants to restore a functional NPC1 protein in the LE/Ly compartment, but they are also able to manage the dysregulated transcriptional profile of genes associated with lipid biosynthetic pathways, thereby abrogating lipotoxicity found in the brain and liver of NPC1 patients with advanced disease. While much work remains to address if VPA exhibits these latter properties in NPC1 disease, our data herein demonstrates that it is capable of correcting the trafficking defect linked with NPC1 variants.
The synergistic effect of complimentary compounds, such as observed with VPA and CQ could provide the opportunity to improve the therapeutic potential of cyclodextrin-based therapies. This hypothesis is supported by the report that the chronic administration of a triple combination formulation (TCF) of HPCD/SAHA/PEG400 in the nmf164 (D1005G) mouse model (D1005G) provides improved benefit to disease progression (61) . While this result has been challenged by the observation that SAHA is dispensible in TCF-mediated restoration of lipid homeostasis in a different, I1061T mouse model (62) , our observations that a combinatorial treatment of cyclodextrins and VPA negatively impact the HDACi-mediated correction of I1061T-NPC1 trafficking suggest that drug-drug interactions or countering effects on critical cellular pathways could account for this observation. In light of these results, the proper course of action could require a sequential rather than combinatorial treatments with HDACi to achieve benefit.
While VPA is currently used to treat seizures in patients with late stage NPC1 disease, it had not been studied for its ability to abrogate the trafficking and lipid homeostasis defects linked to disease-causing NPC1 variants. We now provide evidence that VPA is able to correct NPC1 trafficking and cholesterol homeostasis using both human I1061T-expressing patient-derived fibroblasts and Hela cells, indicating its versatility in diverse human cellular environments. Of particular relevance to the VPA-mediated effects on NPC1 is the recent report that the monthly intra-thecal HPCD dosing causes a statistically significant slowing of neuropsychological outcomes in NPC1 patients after 36 months (87) . These findings suggest that the initial failings of VTS-270 to meet clinically significant benefit after 18 months (http://www.pharmatimes.com/news/mallinckrodts_niemann-pick_type_c_drug_fails_to_hit_trial_target_1259268) could simply be due to the shorter time course of the trial. Our results herein raise the possibility for the need of a combinatorial or sequential treatment approach to increase efficacy of HPCD by increasing the functional pool of LE/Ly localized NPC1 variants undergoing HPCD therapy which could accelerate the therapeutic window for patient benefit. It is possible that a combinatorial or sequential dosing approach using HPCD, VPA and CQ could begin to more effectively address the complex genetic etiology of disease (1) to provide improved therapeutic benefit for NPC1 patients.
Experimental Procedures
Reagents and Antibodies
Filipin, Valproic acid sodium salt, Chloroquine diphosphate salt, Methyl--cylodextrin (MβCD) and Acridine Orange hemi (zinc chloride) salt were purchased from Sigma-Aldrich (St. Louis, MO). Valpromide was purchased from Alfa Aesar (Ward Hill, MA). All restriction enzymes and endoglycosidase H (EndoH) were purchased from New England Biolabs (Ipswich, MA). Rat monoclonal anti-NPC1 antibody was developed against the C-terminal peptide (amino acids 1261-1278) of NPC1 protein. Rabbit polyclonal anti-NPC1 antibody was generously provided by Dan Ory (Washington University School of Medicine, St. Louis, MO), mouse anti-Tubulin (Sigma), rabbit anti-Calnexin (Stressgen), mouse anti-LAMP1 (obtained from the Developmental studies Hybridoma Bank). Rabbit anti-Alexa-488-and mouse anti-Alexa-647-conjugated secondary antibodies were obtained from Invitrogen (Carlsbad, CA). Cys/Met (EasyTag Express labeling kit) was purchased from PerkinElmer Life Sciences.
Plasmids
cDNA encoding human ΔU3mnpc1-WT construct was kindly provided by Dan Ory (133) . npc1 gene was subcloned into pLVX-IRES-Neo (Clontech) lentiviral vector using EcoR1 and BamH1 cloning sites. Mission shRNA clone was purchased from sigma against 3'UTR (TRCN000000542) of human NPC1 (pLKO-shNPC1) for knockdown of npc1 gene in human cell lines. GFP-KDEL construct was generated by inserting calreticulin signal peptide (1-18 amino acid) sequences at the N-terminal of GFP in pEGFP-N1 vector (Clontech) and the ER retention signal KDEL sequence was incorporated at the C-terminal region of GFP with stop codon by seamless cloning technique (Stratagene, La Jolla). Using human TMEM97 cDNA (Open Biosystems) as template, TMEM97 gene was integrated into pEGFP-N1 (Clontech) plasmid at BamH1, EcoR1 restriction sites. All the human NPC1 (WT and I1061T) and other constructs used in this study was confirmed by DNA sequencing.
Cell lines, Cell culture
Human wild-type fibroblasts (GM05659), and NPC1 mutant fibroblasts; I1061T/I1061T (GM18453), P237S/I1061T (GM3123) were purchased from Coriell Cell Repositories (Coriell institute for Medical Research). Human fibroblast cells were grown in DMEM medium supplemented with 2 mM L-Glutamine, 10% FBS, 50-units/ml penicillin and 50 g/ml streptomycin antibiotics. The endogenous npc1 gene in HeLa cells was silenced with 3'-UTR shNPC1 lentivirus (sigma) to generate the npc1-deficient cells and stable clones were selected with 3 g/ml puromycin antibiotics for two weeks. HeLa-shNPC1 cells stably expressing human NPC1 WT or I1061T mutant was generated using lentiviral construct (pLVX-Neo) and selection was done with 600 g/ml G418 antibiotics. Stable clones expressing of WT or I1061T NPC1 mutant protein were cultured in DMEM medium supplemented with 10% FBS, 50-units/ml penicillin, 50 g/ml streptomycin, 3 g/ml puromycin, and 600 g/ml G418 antibiotics.
Cell transfection and lentivirus transduction
GFP-KDEL or TMEM97-GFP plasmids were transfected in HeLa-shNPC1 cells stably expressing NPC1-I1061T mutant using Lipofectamine LTX or Lipofectamine 2000 (Invitrogen) reagents. siRNA targeting against HDACs 1-11 were transfected using Lipofectamine RNAiMAX according to the instructions provided by the manufacture (Invitrogen). Stable expression of human NPC1 WT and I1061T mutant in HeLa-shNPC1 cells was done with lentivirus expression system. Briefly, HEK293T cells were seeded and grown to 60-70% confluence in 25 cm dish. Cells were transfected with pLVX-Neo plasmid expressing human NPC1 WT or I1061T mutant along with the lentivirus helper plasmids RRE, REV, VSVG in Opti-MEM medium using Fugene 6 transfection reagents (Promega). Lentiviruses were collected from HEK293T cells after 36 and 48 h post-transfection. Spun the collected virus at 1800 rpm to get rid of the cell debris. The lentiviral particles were filtered through 0.45 M filters (Millipore), followed by high-speed centrifugation at 50,000 x g at RT for 2 h. The translucent lentivirus pellet was resuspended in 200 l HBSS (14175-095 Invitrogen) supplemented with 0.5 mM MgCl2, 0.4 mM MgSO4, 1 mM CaCl2. Small aliquots of the concentrated lentiviruses were stored at -80 o C.
Endoglycosidase H assay
Human NPC1 WT and I1061T mutant stably expressed in HeLa-shNPC1 cells were washed with 1x PBS twice and lysed the cells with RIPA lysis buffer (10 mM Tris pH 8.0, 140 mM NaCl, 1% NP-40, 0.1% sodium-deoxycholate, 0.1% SDS, 1x protease inhibitor cocktail (PIC), 1 mM PMSF) on ice for 30 min. Cell lysates were obtained by 16,000 x g centrifugation at 4 o C. Protein concentration was measured using standard BCA assay. ~300 g of cell lysates were incubated with 1-2 g of rabbit polyclonal anti-NPC1 antibody or rat monoclonal anti-NPC1 antibody overnight at 4 o C. 20 l of protein A/G-Sepharose or GammaBind G Sepharose beads (GE Healthcare) were added to the cell lysates to capture the antibody bound NPC1 and incubated for 2 h at 4 o C. The beads were washed with RIPA lysis buffer three times and 1 x with PBS. The immunoprecipitated NPC1 was eluted with 1 x denaturation buffer (0.5% SDS, 40 mM DTT) at 95 o C for 10min. Immunoprecipitated NPC1 was divided into equal parts and incubated in the presence (+) or absence (-) of 1,000 units Endoglycosidase H (EndoH) enzyme overnight at 37 o C. EndoH digested samples were subjected to 4-12% Bis-tris gradient (Invitrogen) or 4-20% gradient (Bio-Rad) SDS-PAGE gels and immunoblotted with anti-NPC1 antibody (1: 3000).
qRT-PCR
Total RNA was isolated from cells using TRIzol reagent (Invitrogen) according to the manufactures instructions. cDNA was generated for 10 min at 50 o C then target products amplified 40 cycles in the presence of SYBR Green PCR master mixture (Quanta Biosciences) using template-specific primers (200 nm) in a DNA Engine Opticon 2 Real-Time cycler system (Bio-Rad). The following primer sequences were used for the qRT-PCR: human NPC1 (forward, 5′-gtctccgagtacactcccatc-3′; reverse, 5′-cgcagtaatgaagaccagcga-3′) as described in (134) and human glyceraldehyde-3phosphate dehydrogenase (forward, 5′-gagtcaacggattggtcgt-3'; reverse, 5′-gaggtcaatgaaggggtcat-3′). Relative quantification of gene expression was performed using the comparative threshold (CT) method as described by the manufacturer. Relative changes in mRNA expression level were calculated following normalization to glyceraldehyde-3-phosphate dehydrogenase expression based on three independent assays.
Metabolic labeling of NPC1 protein
Pulse-chase of human NPC1 protein was performed by incubating the HeLa-shNPC1 cells stably expressing WT-or I1061T-NPC1 for 1h in starvation media devoid of Cys/Met, followed by a 1h incubation in labeling media supplemented with 100μCi  35 S-labeled Cys and Met (EasyTag Express labeling kit, PerkinElmer). After the 1h pulse, cells were chased for the indicated time, washed with twice with PBS, followed by lysis, as described for SDS-PAGE sample preparation above, for 30min on ice. Cell lysates were collected at 14,000xrpm for 10min and protein concentration was measured by standard BCA assay. Equal amount of cell lysate was incubated with NPC1 antibody cross-linked to GammaBinding Sepharose beads and incubated overnight at 4°C. NPC1 protein was eluted as described above and EndoH treatment was performed as described above. NPC1 proteins were separated in 4-20% Bio-Rad gradient gels and analyzed by autoradiography.
Microscopy
For immunofluorescence cells were grown on the 22-mm coverslip in 6-well plate. Cells were washed twice with PBS, fixed with fresh 4% formaldehyde in PBS for 10min. Cells were subsequently washed 3 times with PBS containing 1.5 mg/ml glycine to quench any remaining formaldehyde. Cells were subsequently blocked with 10% goat serum in PBS and stained with 25 g/ml filipin for 30 min at RT. Cells were washed twice with PBS and probed with rabbit anti-NPC1 (1:1000) and mouse anti-LAMP1 (1:1000) for 2 h at RT. Cells were washed three times with PBS, incubated with Alexa Flour secondary antibodies (Invitrogen), goat anti-rabbit Alexa-488 (1:1000) and goat anti-mouse Alexa-647 (1:1000) for 1 h, washed 3 times with PBS, coverslips were mounted using Fluoromount G solution (Electron Microscopy Sciences) on the glass slide. Quantitative filipin staining was performed as previously described (92) and the images were taken using an A4 filter cube (Leica, Wetzlar, Germany). Fluorescence crossover from one channel to another was measured using single-labeled samples of each probe and found to be insignificant. Images were background-corrected as previously described (135) . To analyze the lysosomal pH and integrity of lysosomal membranes, cells were treated with drugs as described in Results for 48 h and then incubated with acridine orange (2 μg/ml) for 30 min at 37 °C, washed several times with 1x PBS, mounted the coverslips on the glass slide. Cells were visualized with confocal microscopy with the appropriate laser settings of excitation at 460 nm and emission at 620 nm.
Statistical analysis
All statistical analyses were performed with the assistance of GraphPad prism software (GraphPad Software, San Diego, CA). Included is I1061T-NPC1 as a negative trafficking control. NPC1 was immunoprecipitated and treated without (-) or with (+) Endo H prior to SDS-PAGE. F. Bar graph depicting the amount of EndoH S (white) and EndoH R (black) glycoforms as a fraction of total NPC1 for the indicated variant transiently expressed in HeLa-shNPC1 cells. The data are presented as normalized fractions of total NPC1 in each sample. Representative Western blot of NPC1, HDAC7 and Tubulin from I1061T-expressing HeLa-shNPC1 cell lysates treated with control siRNA (siScr) or siHDAC7. C. Bar graph depicting the ratio of total NPC1 to tubulin (left) and HDAC7 to tubulin (right). The NPC1 data is shown as the mean  SD of the ratio of NPC1 to tubulin, whereas the HDAC7 data is shown as a normalized mean  SD of the ratio of HDAC7 to tubulin with the siScr condition being set to 1. The asterisks represent p < 0.05 as determined by two-tailed t-test using siScr as the reference (n = 3). D. Representative Western blot of NPC1, HDAC7 and Tubulin from I1061T-expressing HeLa-shNPC1 cell lysates treated with control siRNA (siScr) or siHDAC7 in the absence (DMSO) or presence of 4mM VPA or 50 M CQ for 24 h. E. Bar graph depicting the amount of EndoH S (white) and EndoH R (black) glycoforms as a fraction of total NPC1 from I1061T-expressing HeLa-shNPC1 cell lysates treated with control siRNA (siScr) or siHDAC7 in the absence (DMSO) or presence of 4mM VPA or 50 M CQ for 24 h. The data are presented as the normalized mean  SD and the asterisk indicates p < 0.05 using a two-tailed T-test with DMSO + siScr treatment as a reference (n = 3).
